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ABSTRACT
When chemically treating wood products is used to enhance the properties, the distribution of chemicals 
in the wood can be more important than the amount of chemical uptake. In this research, two moisture 
contents (MC) (0 and 25%) were used to study the effect of MC on the nanomaterial retention and distribution 
in cottonwood (Populus deltoides) sapwood treated with nano-titanium dioxide. The wood samples were 
impregnated by a full-cell process at three levels of nano-TiO2 concentration: 0,5; 1 and 1,5%. The nanomaterial 
retention was calculated and SEM images were used to investigate the distribution of nanoparticles in the 
wood. The results showed that increasing the nano-TiO2 concentration caused more retention and the MC 
difference caused almost identical retention at 0,5 and 1% concentrations. Although the retention in the 0% 
MC samples was slightly more than those of 25% MC, this retention was significantly more in these samples 
(0% MC) at 1,5% concentration. SEM images indicated that the nanoparticles had more uniform distribution 
in the 0% MC samples than the 25% MC ones and the difference was clearly visible at 1,5% concentration. 
Low MC ranges (about 0%) are better than high MC’s to impregnate cottonwood samples with nano-TiO2 
by using the full-cell process.
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INTRODUCTION
Permeability and chemical distribution are important properties in wood applications and depend on 
the manner of penetration and fluid flow into the wood (Yudodibroto and Walters 1977). These properties 
play a major role in the wood preservation and papermaking or pulp preparation processes (Siau 1984). One 
of the properties that has great impact on the wood treatability in addition to the absorption rate, is fluid 
distribution in the wood (also called micro-distribution) (Drysdale et al. 1980, Peters and Parameswaran 
1980, Reimão and Palacios 1990). Because in some cases, treated wood that has a standard absorption rate 
and penetration depth, has become decayed over time (Omidvar and Schneider 2004). Some researchers 
believe that the decay is related to soft rot fungi attack (Dickinson and Sorkhoh 1976) and is a result of non-
uniform distribution of preservative in the wood (Omidvar 1996, Omidvar and Schneider 2004). The factors 
such as tannin and nutrient presence can influence on the chemical distribution (Hulme and Butcher 1977). 
Therefore, conventional indices such as absorption rate are inadequate to obtain the required properties in 
wood impregnation. To insure proper treatment, the amount of absorbed chemical and its distribution in the 
wood should be investigated (Stefan et al. 2002). 
Several factors affect the permeability and absorption of impregnation solution. Some of these factors are 
included: wood structure, moisture content (MC), impregnation method, features of impregnation solution, 
wood preparation method, etc. (Nicholas and Siau 1973). MC is one of the important factors that affects the 
chemical penetration into the wood. By studying the effect of MC on the permeability, Comstock and Cote 
(1968) concluded that the permeability of hardwoods decreases with increasing wood MC due to increasing 
the vessel volumes. 
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One of the methods that can be considered as a suitable and high performance alternative for toxic 
preservatives is the nanomaterial utilization. Recently, the effects of nanomaterial utilization on improvement 
of the wood resistance against different wood destructive factors have been investigated in several studies 
(Kartal et al. 2009, Clausen et al. 2009, 2010, 2011, Afrouzi et al. 2013). Nano scale materials are defined as 
a set of substances where at least one dimension is less than approximately 100 nanometers (Kafarski 2007). 
Freeman and McIntyre (2008) reported that nano-metals with dimensions that are smaller than the wood pores 
(100 μm) and/or intercellular pores (400-600 nm), can penetrate the porous structure of wood and thereby 
impact the wood resistance against destructive factors.
Nano-titanium dioxide (nano-TiO2) is used as a common catalyst for its optical and electrical properties, 
high photocatalytic activity, chemical stability, non-toxicity, good availability, and no corrosion due to light (Xu 
et al. 2008, Saha et al. 2011). It can create anti-bacterial coating due to UV absorption and its photocatalytic 
properties, and prevent the penetration of UV radiations (Daoud et al. 2005, Wong et al. 2006).
Knowing the relation between the wood MC and nano-TiO2 absorption rate is important and can influence 
the performance of impregnation process. Therefore, the aim of this study was to investigate the effect of MC 
on the nanomaterial retention and distribution in nano-TiO2 treated wood.
MATERIAL AND METHODS
Sample Preparation
Cottonwood (Populus deltoides) sapwood obtained from the research forest in Shastkalateh, Golestan 
province, Iran, was air dried and cut into 24 samples with dimensions of 50×50×3 mm.  They were divided 
into two groups that have two different moisture contents (MC) (0% and 25% MC). To prepare the 0% MC 
samples, 12 samples were placed in the oven at 103±2 ºC for 24 h and kept in the laboratory desiccator 
containing silica gel as desiccant. Potassium nitrate salt was used to prepare the 25% MC samples. A saturated 
solution of potassium nitrate salt was prepared and then, another 12 samples were placed into the incubator 
alongside the solution at 20 ºC for 21 days, which was stirred continuously by magnetic stirrer.
Impregnation with Nano-TiO2
Nano-TiO2 (Anatase phase, 20 nm particle size) suspensions were prepared at 0,5, 1 and 1,5% concentrations 
and then, the samples were impregnated by a full-cell process according to AWPA E10-08 (2008) standard 
method for testing wood preservatives, so that there were four replications for each treatment. 
The preservative retention was calculated by following equation:
Retention (kg/m3) = (GC/V) ×10
which G, C and V are the absorbed preservative by the sample, the preservative amount in 100 ml suspension 
and the sample volume, respectively. 
In addition, studying the nanomaterial distribution in the wood was performed by SEM images taken 
from the treated samples.
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RESULTS AND DISCUSSION
Nano-TiO2 retention
The sample impregnation at three concentrations (0,5; 1 and 1,5%) caused different retentions, which 
increased with increasing the nanomaterial concentration.  The results of Tukey statistical analysis test showed 
that there was no significant difference between the 0% and 25% MC samples at 0,5 and 1% concentrations. 
Actually, the MC difference did not significantly influence the penetration of nano-TiO2 in the wood at the 
lower concentrations. However, nano-TiO2 retention was greater in the 0% MC samples and increasing the 
concentration to 1,5% caused a clear retention difference (Table 1). Since the internal wood empty spaces, 
which are in the cell-wall, have been filled with water at the 25% MC, it limits the nanomaterial penetration 
into the wood but at the 0% MC (or near 0%), more nanoparticles can penetrate the wood due to existence of 
more empty spaces. Actually, with increasing the wood MC, swelling occurs in the cell-wall and therefore, the 
volume of cell-wall pores or empty spaces decreases, which results in reducing the nanomaterial penetration 
into the wood (Nicholas and Siau 1973, Hosseinzadeh and Neyestani 1988).
Table 1. Nano-TiO2 retention in the 0 and 25% samples (kg/m
3).
Nano-TiO2 distribution in the wood
SEM images indicated that nano-TiO2 distribution was more suitable in the lower MC. As shown in figure 
1, the nanomaterial distribution became more uniform with decreasing the MC. It was not significantly clear 
at lower nanomaterial concentrations, but there was a significant difference in the nano-TiO2 distribution 
between the 0 and 25% MC samples along with increasing the concentration. The most uniform distribution 
of nanomaterial occurred in the 0% MC samples treated with 1,5% nano-TiO2. In the 25% MC samples, the 
nanomaterial distribution was non-uniform and seemed uneven due to the moisture pressure as a barrier against 
proper impregnation (Nicholas and Siau 1973, Hosseinzadeh and Neyestani 1988). Since the internal wood 
spaces in the cell-wall were empty in the 0% MC samples, there was no moisture pressure and therefore, the 
nanomaterial distribution was performed more uniformly.
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Figure 1. SEM images taken from the tangential section of nano-TiO2 treated samples: a1: (the 0% MC 
/0,5% concentration), A2: (the 25% MC /0,5% concentration), A3: (the 0% MC /1% concentration), A4: (the 
25% MC /1% concentration), A5: (the 0% MC /1,5% concentration), 
A
6
: (the 25% MC /1,5% concentration).
CONCLUSIONS
The average of the retention and distribution uniformity of nano-TiO2 was greater in the 0% MC samples and 
the difference between the 0 and 25% MC samples increased with increasing the nanomaterial concentration. 
Due to non-existence of moisture pressure, greater uniformity of nanomaterial distribution occurred in the 0% 
MC samples that was significantly clear in the 1,5% concentration. Therefore, the 0% MC samples treated 
with 1,5% nano-TiO2 showed the best performance and the 0% MC (or near to it) is appropriate to achieve 
the most retention and uniform distribution.
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